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ABSTRACT

The “Australian Silane Treatment” has been successfully used for bonded repairs
carried out at RAAF Airbases for a number of years. This surface treatment has
provided a reliable and non-toxic alternative to surface pre-treatments recommended
in Structural Repair Manuals (SRM) for metallic adhesive bonded repairs. Generally,
however, the silane treatment has only been applied in bonded repairs involving the
use of high temperature curing structural adhesives. The purpose of the study detailed
in this report was to examine the feasibility of extending the application of the silane
pre-treatment to metallic repairs involving the use of room temperature or paste
adhesive systems employed in a range of airbase repairs. Wedge style durability tests
were conducted for a range of metallic adherends and room temperature curing
adhesives. The durability performance of the grit-blast and epoxy silane metallic
adherend pre-treatment was compared with standard pre-treatments recommended in
a range of SRMs. Generally, the data indicated that the grit-blast and silane pre-
treatment offered either improved or similar performance to the SRM alternative pre-
treatments on the basis of results from wedge style durability tests conducted at 50°C
and 100% relative humidity.
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Bond Durability of Grit-blast and Silane treated
Metallic Adherends Bonded with Room
Temperature Curing Adhesives

Executive Summary

The Royal Australian Air Force (RAAF) has been using a procedure known commonly
as the “Australian Silane Treatment” for a number of years in the repair of adhesive
bonded structure. The process involves grit-blasting and application of an epoxy-silane
coupling agent to the metallic surface prior to application of a film based adhesive.
Typically, the adhesives used are cured at high temperatures ranging between 1200C
and 1700C. The development of the C5033 RAAF Engineering Standard has enabled
the successful and reliable application of the grit-blast and silane treatment for bonded
repairs using elevated temperature curing adhesives over a number of years. The
C5033 Standard is not applied for the bonded repairs carried out using room
temperature curing or paste adhesives. Whilst the fundamental chemistry of the
elevated and room temperature curing epoxy adhesives are essentially similar, the
physical changes that the adhesives undergo during the curing operation are very
different. The purpose of the work detailed in this report was to examine the feasibility
of applying the grit-blast and silane treatment to bonded repairs of metallic
components using room temperature curing or paste adhesive systems. Currently a
range of pre-treatments is recommended in Structural Repair Manuals for bonded
repairs involving paste adhesives and metallic components. Examination of these
recommended pre-treatments in comparison with the grit-blast and silane treatment
was undertaken to determine if the grit-blast and silane treatment could replace the
range of treatments currently used. The use of a single pre-treatment method for
bonded repairs to metallic components using paste adhesives has the potential to
improve the strength, durability and reliability of the bonded repairs which can then
lead to reduced maintenance costs associated with Bonded Structure. The innocuous
nature of the grit-blast silane treatment will also offer substantial health and safety
advantages for technical personnel in comparison with current treatments that involve
the use of toxic chemicals such as chromium.

A range of paste adhesives currently used in bonded repairs was examined together
with a range of metallic substrates typically present in aircraft structure. The grit-blast
and silane treatment of the metallic adherend prior to bonding was compared with a
simple abrasion procedure and a chemical treatment using a proprietary paste
compound called Pasajell. The adhesive bond durability determined from wedge test
experiments carried out at 50°C and 100% relative humidity indicated that the grit-blast
and silane treatment performed as well or, in the majority of cases, substantially better
than the current methods being applied in depot or field repairs. Surface analysis of the
failed wedge test samples revealed that the fracture typically propagated at the



adhesive to aluminium interface and that the introduction of silane coupling agent
increased the hydrolytic stability of the adhesive bonds, thereby increasing the

adhesive bond durability.

It is expected that these results can be used to expand the application of the grit-blast
and silane procedure currently prescribed in C5033 to bonded repairs involving the
paste adhesives and aluminium alloys examined in this report. The use of the grit-blast
silane procedure should significantly increase the reliability, strength and durability of
paste adhesive bonded repairs involving aluminium.
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1. Introduction

The “Australian Silane Treatment”[1] is a surface pre-treatment procedure used on
metallic adherends in bonded repairs performed by the Royal Australian Air Force
(RAAF). The process involves the grit-blasting of the metallic adherend with alumina
grit followed by the application of a 1% aqueous solution of epoxy-silane, prior to
adhesive bonding. The RAAF have developed their own standard[2] for bonded
repairs using the grit-blast and silane surface treatment which pays particular attention
to bonding procedure detail and the need for staff training and supervision. Typically,
the silane pre-treatment procedure has been employed in cases where bonded repairs
involve the use of high temperature curing structural adhesives, such as FM73, 120°C
cure, and FM300, 177°C cure.

The purpose of the work detailed in this report was to examine the feasibility of
extending the grit-blast and epoxy silane pre-treatment to metallic bonded repairs that
use room temperature curing or paste adhesives. The grit-blast and silane surface
treatment was assessed in comparison with two typical surface pre-treatment
procedures recommended in aircraft Structural Repair Manuals (SRM) for bonded
repairs to metallic components using room temperature curing adhesives. The most
critical aspect of adhesive bonds formed between metallic components is the long term
maintenance of strength in hostile environmental conditions. Typically, moisture has
been shown to be the most detrimental factor affecting adhesive bonds and the Wedge
Test [3] is regularly used to assess the potential durability of adhesive bonds formed
with metallic components. The Wedge Test is also used by RAAF[2] to train technicians
involved in adhesive bonded repairs as it provides a rigorous assessment of the quality
of the applied surface pre-treatment. On this basis, the relative performance of the grit-
blast and silane pre-treatment was assessed using the Wedge Test.

2. Experimental

2.1 Surface Pre-treatments
2.1.1 Grit-blast (GB)

The following steps were used in the grit-blasting of the metallic adherend surfaces:

a. solvent degrease with methyl ethyl ketone (MEK)
b. scotchbrite abrade (one direction only) with distilled water
C. debris removal using lint free tissues wet with distilled water

d. oven dry 15 mins at 110°C
e. grit-blast at 450 kPa
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2.1.2 Scotchbrite (SB)

The following steps were used in the scotchbrite abrasion of the metallic adherend

surfaces:

a. solvent degrease (MEK)

b.  scotchbrite abrade (one direction only) with distilled water

C. debris removal using lint free tissues wet with distilled water

d. oven dry 15 mins at 110°C

2.1.3 Grit-blast + Silane (GB+Silane)

The following steps were used in the grit-blasting and silane treatment of the
metallic adherend surfaces:

solvent degrease (MEK)

a
b. scotchbrite abrade (one direction only) with distilled water
c. debris removal using lint free tissues wet with distilled water
d. oven dry 15 mins at 110°C
grit-blast at 450 kPa
f. dip 15 mins in 1% aqueous solution of epoxy-silane, pre-hydrolysed 60 minutes

g oven dry 1 hour at 110°C

2.1.4 Scotchbrite + Silane (SB+Silane)

The following steps were used in the scotchbrite and silane abrasion of the
metallic adherend surfaces:

a solvent degrease (MEK)

b. scotchbrite abrade (one direction only) with distilled Water

C. debris removal using lint free tissues wet with distilled water
d. dip 15 mins in 1% aqueous solution of epoxy-silane

e. oven dry 1 hour at 110°C
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2.1.5 Abrasion with Grit Paper (PXXX)

The following steps were used in the grit paper abrasion of the metallic adherend
surfaces:

a. solvent degrease (MEK)
b. grit paper abrade (one direction only) dry
c. debris removal using lint free tissues wet with distilled water

€. oven dry 15 mins at llOOC

2.1.6 Abrasion with Grit Paper + Silane (PXXX+Silane)

The following steps were used in the grit paper + silane abrasion of the metallic
adherend surfaces:

a solvent degrease (MEK)

b. grit paper abrade (one direction only) dry

C. debris removal using lint free tissues wet with distilled water
d. dip 15 mins in 1% aqueous solution of epoxy-silane

e. oven dry 1 hour at 110°'C

2.1.7 Grit-blast + Hot water solution (GB + Dist 100°C)

The following steps were used in the grit-blasting and hot water solution treatment of
the metallic adherend surfaces:

a. solvent degrease (MEK)
b. scotchbrite abrade (one direction only) with distilled water
c. debris removal using lint free tissues wet with distilled water
d. oven dry 15 mins at 110°C
grit-blast at 450 kPa
f. distilled water dip 15 mins at 100°C

g oven dry 1 hour at 110°C

2.1.8 Grit-blast + Hot water solution + Silane (GB + Dist 100°C + Silane)

The following steps were used in the grit-blasting, hot water solution and silane
treatment of the metallic adherend surfaces:
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solvent degrease (MEK)

scotchbrite abrade (one direction only) with distilled water
debris removal using lint free tissues wet with distilled water
oven dry 15 mins at 110°C

grit-blast at 450 kPa

distilled water dip 15 mins at 100°C

dip 15 mins in 1% aqueous solution of epoxy-silane

oven dry 1 hour at 110°C

2.1.9 Pasajell® (PRC Desoto 105) (P])

The following steps were used in the Pasajell treatment of the metallic adherend

surfaces:
a solvent degrease (MEK)
b. P220 grit paper abrade (one direction only) dry

debris removal using lint free tissues wet with distilled water
Pasajell® applied with brush to adherend for 15 mins

excess removed with cheesecloth soaked with tap water and water break check
performed

steps d. & e. repeated

oven dried 15 mins at 80°C

2.1.10 Grit-blast + Primer (GB + Primer)

The following steps were used in the grit-blasting and priming of the metallic
adherend surfaces:

solvent degrease (MEK)

scotchbrite abrade (one direction only) with distilled water
debris removal using lint free tissues wet with distilled water
oven dry 15 mins at 110°C

grit-blast at 450 kPa

primer lightly brushed on surface. Primers used were EA9203 (Hysol), EC1945
and EC3901 (3M)

Dried 30 mins at room temperature followed by 30 mins at 80°C
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The abbreviations used throughout the report to designate a particular pre-treatment
are detailed in Table 1.

Descriptor Adherend Processing Steps

GB Grit-blast at 450kPa

GB+Silane Grit-blast at 450kpa + Silane (1% A187 epoxy) dip 15 minutes

SB Scotchbrite abrade (one direction) with distilled water

SB+Silane Scotchbrite abrade (one direction) with distilled water + Silane
(1% A187 epoxy) dip 15 minutes

PXXX Grit paper (eg P80, P220, P320 grit) abrade one direction - dry

GB+Dist 100C Grit-blast at 450kPa + Distilled water dip 15 mins @ 100C

GB+Dist 100C+ Grit-blast at 450kPa + Distilled water dip 15 mins @ 100C + Silane

Silane (1% A187 epoxy) dip 15 mins

PJ Pasajell (PRC Desoto 105) applied by brush to adherend for 15
minutes

GB+Pri Grit-blast at 450kPa + primer lightly brushed onto surface

Table 1 The descriptor and details of the surface pre-treatment procedures applied to the

adherends prior to bonding with paste adhesives

2.2 Adhesives and Cure Conditions
221 EA9309.3 NA
EA9309.3 NA from Hysol-Dexter was applied to both sides of the metallic adherends

with a wooden spatula and cured at 25°C for 18 hours using 100um thick shims and a
pressure of 20 psi, followed by a post cure for 1 hour at 50°C.

222 EA934.NA

EA934.NA from Hysol-Dexter was applied to both sides of the metallic adherends with
a wooden spatula and cured at 25°C for 24 hours using 100pum thick shims and a
pressure of 12 psi, followed by a post cure for 1 week at room temperature.

223 EC2216 B/A

Scotch-weld EC2216 B/ A from 3M was applied to both sides of the metallic adherends
with a wooden spatula and cured at 25°C for 24 hours using 100pm thick shims and a
pressure of 12 psi, followed by a post cure for 1 week at room temperature.
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2.2.4 Scotch Weld EC3549 B/ A

Scotch-weld EC3549 B/ A from 3M was applied to both sides of the metallic adherends
with a wooden spatula and cured at 25°C for 24 hours using 100um thick shims and a
pressure of 12 psi, followed by a post cure for 1 week at room temperature.

2.25 EA9320NA

EA9320NA from Hysol-Dexter was applied to both sides of the metallic adherends
with a wooden spatula and cured at 25°C for 18 hours using 100pm thick shims and a
pressure of 20 psi, followed by a post cure for 1 hour at 50°C.

22.6 EA9321

EA9321 from Hysol-Dexter was applied to both sides of the metallic adherends with a
wooden spatula and cured at 25°C for 18 hours usin§ 100pum thick shims and a
pressure of 20 psi, followed by a post cure for 1 hour at 50°C.

227 EA9317
EA9317 from Hysol-Dexter was applied to both sides of the metallic adherends with a

wooden spatula and cured at 25°C for 18 hours usin§ 100pm thick shims and a
pressure of 20 psi, followed by a post cure for 1 hour at 50°C.

2.2.8 EA939%
EA9396 from Hysol-Dexter was applied to both sides of the metallic adherends with a

wooden spatula and cured at 25°C for 18 hours using 100pm thick shims and a
pressure of 20 psi, followed by a post cure for 1 hour at 50°C.

2.2.9 Araldite K138

Araldite K138 (AV138+HV998) from Ciba-Vantico was applied to both sides of the
metallic adherends with a wooden spatula and cured at 25°C for 18 hours using 100pm
thick shims and a pressure of 20 psi, followed by a post cure for 2 hours at 50°C.




DSTO-TR-1187

2.3 Adherends

2.3.1 Aluminium Alloys

Table 2 indicates the composition of the aluminium alloys used in the Wedge
durability tests.

Alloy Composition By Weight (%)
Si Fe Cu Mn Mg Cr Zn Zr/Ti | Aluminium
2024 |05 |05 |38 |03- [12- |01 025 |02 Remainder

4.9 0.9 1.8

7075 |04 |05 1.2- 0.3 2.1- 0.18- 51- |0.25 | Remainder
2.0 2.9 0.28 6.1

Table 2 Compositions of the aluminium alloys used for preparation of bonded joints [4]

2.3.2 Titanium and Stainless Steel

Titanium 6Al-4V alloy was used i.e. titanium with 6 weight percent of Aluminium, 4
weight percent of Vanadium and a remainder of Titanium.

304 Stainless Steel was used with a composition of 18-20% Chromium, 8-12% Nickel
and approximately 70% Iron.

2.4 Durability Testing

Wedge style double cantilever beam specimens were prepared in accordance with
ASTM D3762-79 [3]. This involves bonding two 1/8” thick plates of 6” X 6” dimension
and milling the plates to produce 5 duplicate samples for each adhesive, adherend and
surface pre-treatment combination examined. The test provides a qualitative
assessment of the relative durability of particular surface pre-treatments applied to the
adherend prior to adhesive application. All samples were tested in a 50°C/100%
relative humidity (R.H.) environment. Crack-growth measurements were performed
an hour after wedge insertion and at 1, 2, 4, 6, 25, 50, 100, 500 and 1000 hours, once the
specimens were exposed to the humid environment. The testing temperature of 50°C
and 100% RH. was chosen as these are the conditions prescribed in the RAAF
Engineering Standard [2]. Clearly, with the paste adhesives being used there is some
concern that the test environment will alter the mechanical properties of the adhesive
system being used and influence the durability results reported. Table 3 indicates the
effect of temperature and moisture on the mechanical properties for a range of
adhesives used in the durability studies. The data suggests that at 50°C the tensile
strength of the EC2216 and 3549B/A adhesives is likely to be affected with the peel
strength of the EC2216 adhesive being dramatically affected. In terms of the wedge
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test, this would suggest deterjoration in the physical properties of the EC2216 adhesive
would prevent significant conclusions regarding the durability of the surface pre-
treatment being made. The poor peel strength of the EA934 and K138 adhesives may
also mean that the wedge test results for these adhesives would be relatively
insensitive to the influence of surface pretreatment procedures on bond durability. The
remaining adhesives, however, suggest that they can be tested at 50°C without
significant alteration to their mechanical properties influencing the durability
performance measured from the wedge tests.

Adhesive Service | Tg-dry | Tg-wet | Tensile Strength (psi) Peel
Temp. | (°C) (C) Strength(lbf/in)
(O 250C | 80°C | 30daysat | 250C 800C
500C/100%
R.H.
EA9309.3 80 59 53 4800 | 1000 | 5000 35 -
EA9396 177 -—- - 4600 | 3300 | --- 25 20
EA9320 80 80 --- 4600 | 1500 | --- 20 —
EA9321 121 110 88 4000 | 1700 | 3700 6 42
EA934 150 88 3100 | 2200 | 2900 nil nil
EC2216B/A | - - - 2500 | 400 2650 25 3.5
3549B/ A --- — - 2000 | 300 --- -—- —
K138 100 - - 3000 | 2700 | - 15.1 o

Table 3 Selected paste adhesives used in this study indicating the effect of temperature and
moisture on mechanical strength properties[5].

2.5 Fracture Analysis

X-ray Photoelectron Spectroscopy (XPS) was used to analyse the surfaces of failed
wedge samples to determine the true locus of fracture. XPS analysis was performed on
the surfaces of the failed specimens as close as possible to the crack tip region using
30W AIK, X-rays and a Fixed Retard Ratio (FRR) of 53 in high magnification mode,
where the area of analysis was approximately 2mm in diameter. The sensitivity factors
provided by the manufacturer were used to quantify the data.

2.6 Surface Roughness Measurements

The surface roughness caused by abrasion of Ti-6V-4Al and Al-2024 clad aluminium
was assessed to determine the depth of scratches or indentations resulting from
abrasion or grit-blasting. These parameters are of particular concern when dealing with
fatigue critical components made from titanium alloys.

The roughness measurements employed an automated Laser Depth Measuring Device
called a Perthometer. The instrument scans a laser beam across the surface.
Measurement requires that the laser maintains focus as it traverses the surface. A rapid
feed-back adjustment alters the height of the laser to maintain focus. The height
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adjustment is recorded and plotted as a function of the beam’s horizontal translation,
providing a surface profile of the roughened surface. The Perthometer provides an
average roughness, Ra, which corresponds to the mean peak to valley height over the
entire profile as well as the maximum roughness, Rmax, which corresponds to the
greatest peak to valley depth over the entire profile. Profiles were also analysed
statistically to determine the average height of surface features, after correction for
background slope, as well as the average angle of the surface features, with respect to
the surface normal.

3. Results

3.1 Al-2024 T3 Clad Aluminium Alloy

3.1.1 EA9309.3 NA

Figure 1 and Figure 2 indicate the crack-growth as a function of exposure time to a
humid environment for Al-2024 T3 Clad aluminium alloy adherends bonded with
EA9309.3 NA. The surface pre-treatments used are indicated in the graph legend.

2024 Clad - EA9309.3NA e GB
e P8O

—\/— P220

—{1— GB
=== P220 + Silane

... @-.. P80 + Silane

"'O— SB + Silane

—1— GB + Silane

Average crack length (mm)

Root time (hours)

Figure 1 Bond durability data for Al-2024 T3 clad aluminium bonded to EA9309.3NA
paste adhesive as a function of the surface pre-treatment.
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Figure 2 Bond durability data for Al-2024 T3 clad aluminium bonded to EA9309.3NA
paste adhesive as a function of the surface pre-treatment.
3.1.2 EA9317

Figure 3 indicates the crack-growth as a function of exposure time to a humid
environment for Al-2024 T3 Clad aluminium alloy adherends bonded with
EA9317. The surface pre-treatments used are indicated in the graph legend.
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Figure 3 Bond durability data for Al-2024 T3 clad aluminium bonded to EA9317 paste

adhesive as a function of the surface pre-treatment.
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3.1.3 EA9320 and EA9321
Figure 4 indicates the crack-growth as a function of exposure time to a humid
environment for Al-2024 T3 Clad aluminium alloy adherends bonded with EA9320 and
EA9321. The surface pre-treatments used are indicated in the graph legend.
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Figure 4 Bond durability data for Al-2024 T3 clad aluminium bonded to EA9321 paste

adhesive as a function of the surface pre-treatment.
3.1.4 EA934.NA and EA939%

Figure 5 indicates the crack-growth as a function of exposure time to a humid
environment for Al-2024 T3 Clad aluminium alloy adherends bonded with EA934.NA
and EA9396. The surface pre-treatments used are indicated in the graph legend.
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Figure 5 Bond durability data for Al-2024 T3 clad aluminium bonded to EA934.NA and
EA9396 paste adhesive as a function of the surface pre-treatment.
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3.1.5 EC2216 and EC3549

Figure 6 indicates the crack-growth as a function of exposure time to a humid
environment for Al-2024 T3 Clad aluminium alloy adherends bonded with EC2216.
The surface pre-treatments used are indicated in the graph legend.
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Figure 6 Bond durability data for Al-2024 T3 clad aluminium bonded to EC2216 and
EC3549 paste adhesive as a function of the surface pre-treatment.
3.1.6 K138

Figure 7 indicates the crack-growth as a function of exposure time to a humid
environment for Al-2024 T3 Clad aluminium alloy adherends bonded with
K138. The surface pre-treatments used are indicated in the graph legend.
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Figure 7 Bond durability data for Al-2024 T3 clad aluminium bonded to K138 paste

adhesive as a function of the surface pre-treatment
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3.2 Al-2024 T3 Unclad Aluminium Alloy

3.21 EA9309.3NA

Figure 8 indicates the crack-growth as a function of exposure time to a humid
environment for Al-2024 T3 Unclad aluminium alloy adherends bonded with EA9309.3
NA. The surface pre-treatments used are indicated in the graph legend.
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Figure 8 Bond durability data for Al-2024 T3 unclad aluminium bonded to

EA9309.3NA paste adhesive as a function of the surface pre-treatment
322 EA9317
Figure 9 indicates the crack-growth as a function of exposure time to a humid

environment for Al-2024 T3 Unclad aluminium alloy adherends bonded with EA9317.
The surface pre-treatments used are indicated in the graph legend.
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Figure 9 Bond durability data for Al-2024 T3 unclad aluminium bonded to EA9317

paste adhesive as a function of the surface pre-treatment
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3.2.3 EA9320.NA

Figure 10 indicates the crack-growth as a function of exposure time to a humid
environment for Al-2024 T3 Unclad aluminium alloy adherends bonded with
EA9320.NA. The surface pre-treatments used are indicated in the graph legend.
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Figure 10 Bond durability data for Al-2024 T3 unclad aluminium bonded to EA9320.NA
paste adhesive as a function of the surface pre-treatment.

3.24 EA9321

Figure 11 indicates the crack-growth as a function of exposure time to a humid
environment for Al-2024 T3 Unclad aluminium alloy adherends bonded with EA9321.
The surface pre-treatments used are indicated in the graph legend.
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Figure 11 Bond durability data for Al-2024 T3 unclad aluminium bonded to EA9321
paste adhesive as a function of the surface pre-treatment.
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3.2.5 EA934.NA and EA9396

Figure 12 indicates the crack-growth as a function of exposure time to a humid
environment for Al-2024 T3 Unclad aluminium alloy adherends bonded with EA9396
and EA934.NA. The surface pre-treatments used are indicated in the graph legend.
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Figure 12 Bond durability data for Al-2024 T3 unclad aluminium bonded to EA9396 and
EA934.NA paste adhesive as a function of the surface pre-treatment.

3.2.6 EC3549 and EC2216
Figure 13 indicates the crack-growth as a function of exposure time to a humid

environment for Al-2024 T3 Unclad aluminium alloy adherends bonded pre-treated
with grit-blast and silane prior to bonding with EC3549 and EC2216.
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Figure 13 Bond durability data for grit-blast and silane treated Al-2024 T3 unclad
aluminium bonded to EC3549 and EC2216 paste adhesive.
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3.2.7 K138

Figure 14 indicates the crack-growth as a function of exposure time to a humid
environment for Al-2024 T3 Unclad aluminium alloy adherends bonded with K138.
The surface pre-treatments used are indicated in the graph legend.
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Figure 14 Bond durability data for Al-2024 T3 unclad aluminium bonded to K138 paste
adhesive as a function of the surface pre-treatment.

3.3 Al-7075 T6 Unclad Aluminium Alloy
3.3.1 EA9309.3NA
Figure 15 indicates the crack-growth as a function of exposure time to a humid

environment for Al-7075 T6 Unclad aluminium alloy adherends bonded with EA9309.3
NA. The surface pre-treatments used are indicated in the graph legend.
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Figure 15 Bond durability data for Al-7075 T6 wunclad aluminium bonded to
EA9309.3NA paste adhesive as a function of the surface pre-treatment.
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3.3.2 EA9320.NA and EA9317

Figure 16 indicates the crack-growth as a function of exposure time to a humid
environment for Al-7075 T6 Unclad aluminium alloy adherends bonded with
EA9320.NA. The surface pre-treatments used are indicated in the graph legend.
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Figure 16 Bond durability data for Al-7075 T6 unclad aluminium bonded to EA9320.NA
paste adhesive as a function of the surface pre-treatment.

3.3.3 EC3549, EC2216, EA9396, EA9321, EA934.NA

_ Figure 17 indicates the crack-growth as a function of exposure time to a humid

environment for Al-7075 T6 Unclad aluminium alloy adherends pre-treated with grit-
blast and silane prior to bonding with EC3549 B/A, EC2216, EA9396, EA9321,
EA934.NA, .
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Figure 17 Bond durability data for Al-7075 T6 unclad aluminium pre-treated with grit-
blast and silane prior to bonding with EC3549, EC2216, EA9396, EA9321,
EA934.NA paste adhesive
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334 K138

Figure 18 indicates the crack-growth as a function of exposure time to a humid
environment for Al-7075 T6 Unclad aluminium alloy adherends bonded with
K138. The surface pre-treatments used are indicated in the graph legend.
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Figure 18 Bond durability data for Al-7075 T6 unclad aluminium bonded to K138 paste
adhesive as a function of the surface pre-treatment.

3.4 Titanium 6Al-4V

3.4.1 EA9309.3NA

Figure 19 indicates the crack-growth as a function of exposure time to a humid
environment for Titanium 6A1-4V adherends bonded with EA9309.3 NA. The surface

pre-treatments used are indicated in the graph legend.
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Figure 19 Bond durability data for Titanium 6A1-4V adherends bonded to EA9309.3NA
paste adhesive as a function of the surface pre-treatment.
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3.5 Titanium 6Al-4V/ 304 Stainless Steel

3.51 EA9309.3NA

Figure 20 indicates the crack-growth as a function of exposure time to a humid
environment for Titanium 6A1-4V/ 304 Stainless Steel adherends bonded with
EA9309.3 NA. The surface pre-treatments used are indicated in the graph legend.
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Figure 20 Bond durability data for Titanium 6A1-4V/Stainless Steel adherends bonded to
EA9309.3NA paste adhesive as a function of the surface pre-treatment.
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3.6 Fracture Analysis

Table 4 indicates the fracture surface compositions from the failed wedge test samples
indicated in Figure 1. The data indicates that failure occurs predominantly between the
adhesive and aluminium interface for the abraded or grit-blasted surfaces and within
the silane layer for the abraded surfaces treated with epoxy-silane. Evidence for this
failure is provided by the high carbon concentration present on the adhesive face that
is indicative of the epoxy adhesive and the low levels of aluminium. All abraded
fracture surfaces indicated silicon that may come from grit embedded in the adhesive
present on the abraded aluminium surface and/or from the silica spheres present in
the EA9309.3NA adhesive, which are used to control bondline thickness. The epoxy-
silane treated samples indicated an increase in the silicon levels on the complementary
fracture surfaces, indicating the presence of the coupling agent.

Treatment Fracture Atomic concentration (%)
Face 0 N C Si Al
Scotchbrite Adhesive | 19.2 3.7 71.7 4.6 0.8
Abrade Metal 410 |06 261 |04 319
P-80 Abrade Adhesive | 17.6 4.6 72.4 2.7 27
Metal 379 21 31.2 1.7 27.0
P-220 Abrade Adhesive | 18.5 5.1 70.6 3.0 2.8
Metal 409 1.3 28.2 1.2 284
Grit-blast Adhesive | 11.0 44 78.0 33 33
Metal 27.8 1.0 34.2 1.1 35.9
Scotchbrite Adhesive | 16.7 1.8 734 6.0 21
Abrade + Silane gy 399 | 08 300 |45 2438
P-80 Abrade + Adhesive | 17.7 1.8 66.5 11.9 21
Silane Metal 263 |18 474 104 | 142
P-220 Abrade + Adhesive | 194 22 65.8 10.1 2.5
Silane Metal 321 |08 300 |62 30.9
Grit-blast + Silane | Adhesive | 11.4 2.8 75.7 6.3 3.9
Metal 22.8 1.7 43.7 5.2 26.6
Table 4 Atomic concentrations of the elements detected on the fracture surfaces

resulting from wedge tests manufactured from Al-2024T3 clad aluminium and
EA9309.3NA, refer Figure 1
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The fracture surfaces from these failed samples are displayed in Appendix 1 in Figure
A23. The images indicate that the abrasion procedures lead to large areas of adhesive
failure. The addition of the silane to the abraded surfaces reduces the area of adhesion
failure, however, the shiny appearance of the metallic adherend is still evident. In
contrast, the grit-blast and grit-blast + silane treatments significantly reduce the area of
adhesion failure. The failure surface from the grit-blast + silane treatment also shows
markedly reduced crack propagation infront of the region of cohesive failure of the
EA9309 adhesive, caused by the wedge insertion in the dry environment.

Table 5 indicates the fracture surface compositions for the failed wedge samples
indicated in Figure 2. The abraded surfaces that have been treated with commercially
available primers, and that are recommended by the adhesive manufacturer (9203
primer), all indicated failure occurred within the primer layer, suggesting the primer is
not hydrolytically stable in the humid environment used to conduct the wedge test.
Evidence for this failure is provided by the high carbon and silicon levels on the metal
and adhesive surfaces and the low aluminium signal on the metal failure surface.

Table 5 also indicates the failure surface compositions for the Pasajell and Boiling
Water treatments. The data indicates that the boiling water treatments have similar
failure surfaces. The similar levels of silicon on both fracture surfaces is unexpected if
interfacial failure was occurring between the adhesive and aluminium, given the silane
treated surface may be expected to show an increased silicon concentration. If the
silicon is due primarily to the silica present in the adhesive, then the failure surfaces of
both samples may suggest large regions of cohesive fracture in the adhesive. However,
contrary to this conclusion is the presence of a large aluminium signal on the metal
fracture surface, more consistent with interfacial fracture. Possibly, fracture surface
investigation with SEM may be required to resolve the true fracture path for the boiling
water treatment. The Pasajell treatment indicates high levels of aluminium on the
adhesive fracture surface, together with small amounts of silicon on both fracture
surfaces than was seen for the other treatments. These fracture surface compositions
suggest that the failure is different from the abrasion and grit-blast silane treatments in
that some failure occurs as a result of moisture ingress to the aluminium-adhesive
interface producing a cohesively weak hydrated oxide layer.

Figure A24 in Appendix 1 displays the fracture surfaces from the wedge test samples
shown in Figure 2. The sample treated with EC1945B primer indicates a green tinge on
the surface that has a metallic appearance, confirming the XPS analysis that indicated
cohesive failure of the primer layer resulted in crack propagation. Another feature of
Figure A24 is the adhesive failure surface of the Pasajell treatment. The metallic
appearance, consistent with adhesion failure identified with XPS analysis, indicates an
area larger than the adhesion failure area observed for the grit-blast and silane treatment,
refer Figure A23. This suggests that the silane treatment provides a more durable
surface treatment than the Pasajell, despite the similar final crack-length values
measured for the respective treatments, Figures 1 and 2.
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Treatment Fracture Atomic concentration (%)

Face 8 N C Si Al
Grit-blast + Adhesive | 124 11.3 63.8 9.5 3.1
9203 Primer Metal 13.5 9.9 61.6 8.2 6.9
Grit-blast + Adhesive | 6.6 34 76.6 9.4 4.0
EC-3901 Primer Metal 30.5 3.0 39.2 8.4 18.9
Grit-blast + Adhesive | 14.5 14 75.6 7.3 1.3
EC1945 Primer Metal 20.9 2.0 67.2 7.7 2.2
Grit-blast + Adhesive | 21.0 33 63.6 8.0 41
Dist 100C Metal 349 15 322 6.8 245
Grit-blast +Dist Adhesive | 17.7 1.8 68.3 84 3.9
100C+ Silane Metal 336 |11 359 |77 217
P-220 Abrade + Adhesive | 354 2.7 420 3.0 17.0
Pasajell Metal 395 |16 329 |05 255

Table 5 Atomic concentrations of the elements detected on the fracture surfaces

resulting from wedge tests manufactured from Al-2024T3 clad aluminium and
EA9309.3NA, refer Figure 2

Table 6 indicates the fracture surface compositions from the failed titanium wedge
samples indicated in Figure 20.The fracture surfaces show similar results to the
aluminium wedge samples in Table 4. The fracture appears to propagate at the
titanium-adhesive interface and particularly within the silane layer. Evidence for this
mode of fracture is provided by the high carbon and low titanium levels on the metal
surface and the presence of silicon on both the metal and adhesive surfaces.

Figure A38 in Appendix 1 shows the failure surfaces resulting from the wedge tests
carried out in Figure 20. The surfaces all display similar features with the titanium
metallic surface indicating similar areas where adhesion failure has occurred post
exposure of the wedge specimen to the hydro-thermal environment.
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Treatment Fracture Atomic concentration (%)

Face 0 N C Si Ti
P-80 Abrade + Adhesive | 27.1 41 61.6 6.6 0.6
Silane Metal 329 |53 523 | 49 46
P-150 Abrade + Adhesive | 29.6 5.0 57.0 8.4 0.0
Silane Metal 311 |53 519 | 7.1 46
P-220 Abrade + Adhesive | 22.0 3.7 65.1 8.8 0.4
Silane Metal 353 |46 463 |50 8.7
Scotchbrite Adhesive | 30.7 5.7 57.7 5.2 0.7
Abrade + Silane o] 308 |63 557 |35 38

Table 6 Atomic concentrations of the elements detected on the fracture surfaces

resulting from wedge tests manufactured from Titanium 6AI-4V/Stainless
Steel and EA9309.3NA, refer Figure 20.

3.7 Surface Roughness Measurements

Figure 21 indicates the surface roughness profiles of abraded or grit-blasted Al-2024 T3
clad aluminium alloy. Statistical averages of a number of line profiles measured for
each sample were used to establish surface roughness values and the height and angle of
surface features. These values are provided in Table 7. The data indicates that, apart
from the P-80 abrasion, all surfaces have similar roughness of between 1 and 2um. The
maximum roughness is between 15 and 25um, suggesting all surfaces have some deeper
scratches. The P-80 abrasion increases the average roughness and maximum roughness
values, indicative of the larger grit size used for the abrasion. Grit-blasting shows
similar roughness values to the finer grit papers, but surface features suggest slightly
larger heights and angles.

Figure 22 indicates the surface roughness profiles of abraded or grit-blasted Titanium
6A1-4V alloy. Statistical averages of a number of line profiles measured for each sample
were used to establish surface roughness values and the height and angle of surface
features. These values are provided in Table 8. In comparison with the aluminium
surface, the Titanium surfaces show reduced surface roughness values, as would be
expected on the basis of the surface hardness of the two materials. Whilst the average
roughness doesn’t appear to change substantially as a function of grit size, the P-80
abrasion does increase the depth of the biggest scratches. The hardness of the titanium
surface is illustrated by the similarity in the roughness values measured for the finer grit
abrasion and the 1um polished surface. The average angle for the polished surface
features are notably lower, indicating the polishing smooths the edges of the surface
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scratches introduced by the abrasion. The grit-blasted titanium surface actually produces
similar surface roughness to that observed for the aluminium surface and is similar to
the P-80 abraded titanium surface. However, the grit-blasted titanium surface indicates
that the angle of the surface features are notably greater than those observed for the

abraded surfaces.
Al-2024T3 Clad Average Maximum | Average Average
Treatment Roughness | Roughness | Height Angle
(um)/S.D. (pm)/S.D. | (um)/S.D. | (Degrees)
P-80 Abrade 6.4/0.8 50.9/6.3 12/12 32/23
P-220 Abrade 1.6/0.1 244/1.8 2.8/2.1 36/23
P-320 Abrade 1.7/02 249/58 29/34 37/26
Scotchbrite Abrade | 1.1/0.2 17.6/2.6 2.0/1.6 21/18
Grit-blast 1.6/0.1 18.5/5.2 3.7/2.5 43/25
Table 7 Roughness, average height and angle of Al-2024T3 clad aluminium surfaces
abraded and grit-blasted.
Titanium 6Al-4V Average Maximum | Average Average
Treatment Roughness | Roughness | Height Angle
(um)/S.D. (pm)/S.D. | (um)/S.D. | (Degrees)
P-80 Abrade 0.97/0.07 14.6/2.8 15/1.4 21/18
P-150 Abrade 0.69/0.09 7.6/1.3 0.9/0.9 18/15
P-220 Abrade 0.54/0.05 78/16 049/07 | 16/14
Scotchbrite Abrade | 0.56/0.04 6.7/04 062/07 | 22/19
1um Polish 0.37/0.02 2.8/0.04 0.77/0.5 3/5
Grit-blast 13/0.1 13.7/2.2 25/1.8 43/25
Table 8 Roughness, average height and angle of Titanium 6Al-4V alloy surfaces

abraded and grit-blasted.
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Figure 21 [A] to [1] indicate line profiles of Al-2024T3 clad aluminium abraded and grit-

blasted, measured using the Perthometer.
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Figure 22 Figures [A] to [F] indicate line profiles of Titanium 6AI-4V abraded and grit-
blasted, measured using the Perthometer.

4. Discusion

4.1 Al-2024T3 Clad Aluminium Alloy
+41.1 EA9309.3 NA Paste Adhesive

The data in Figure 1 and Figure 2 suggest that both the grit-blast and silane and Pasajell
treatments offer the best durability for bonds formed between EA9309.3NA adhesive
and A1-2024T3 clad aluminium alloy. Grit-blasting as a pre-treatment alone appears to
offer significant improvements relative to the abrasion with grit paper or scotchbrite
pad. Addition of silane to all the abraded surfaces improves the durability to a level that
is better than the grit-blast alone, but not as good as the grit-blast silane treatment. The
surface roughness of the abrasion and grit-blasting procedures, refer Figure 21 and
Table 7, suggest that the scotchbrite provides the smoothest surface and this may
explain the poor durability result for this abrasion method. The surface roughness
differences between the P-80 abrade and the grit-blast surface is not as obvious. The two
surfaces appear to have slightly different heights and angles. Potentially, the increase in
surface angle of the surface features resulting from grit-blasting are responsible for the
improved performance, although further examination of surface roughness parameters
and factors such as residual stress induced by the grit-blasting procedure should be
examined.

The addition of a range of commercially available primers in place of the silane

treatment, refer Figure 2, to the grit-blasted surface suggests that they are all inferior to
the silane treatment. Fracture analysis of these primed surfaces, refer Table 5, indicates
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that the primer layers are hydrolytically unstable and cohesively weak when exposed to
stress and high levels of environmental moisture.

The abrasion and silane treatments indicated that failure occurred predominantly at the
adhesive to aluminium interface, refer Table 4. These failure modes suggest that the
addition of the silane improves the hydrolytic stability of the interfacial region and
retards the diffusion of moisture and the displacement of adhesive bonds, which leads to
bond degradation. In contrast the failure mode of the Pasajell treatment is within a
weakened hydrated oxide layer. The reason for the change in failure mode with respect
to the grit-blast and silane treatment is unclear. Possibly, the Pasajell surface alters the
surface chemistry and roughness of the aluminium in a beneficial way for the
production of durable adhesive bonds. Pasajell is an inorganically-thickened blend of
acids, activators and inhibitors and the effect of individual components may improve the
hydrolytic stability of the interface. Pasajell is a on-aircraft treatment based on a acid
etch treatment which uses sulphuric acid and chromic acid[6], and is known to improve
bond strength of untreated surfaces by cleaning and producing a surface micro-
roughness.

An alternative surface treatment that was employed involved immersing the aluminium
in boiling water prior to silane treatment and bonding. These treatments, refer Figure 2,
did not appear to improve the grit-blast and silane treatment. Previous work with FM-73
film adhesive suggested that this treatment may improve bond durability for aluminium-
epoxy bonding[7]. The fine network structure of the boiling water film may prevent
wetting by the viscous paste adhesive used here. The EA9309.3NA paste adhesive
contrasts with the FM-73 adhesive which has a reduced viscosity during cure and
enables penetration and wetting of the oxide network structure produced by the boiling
water treatment.

4.1.2 EA934, EA9317, EA9320, EA9321, EA9396, EC2216 and EC3549

Figure 3 to Figure 6 indicate similar general trends in durability as a function of surface
treatment. Grit-blast abrasion followed by silane treatment provides a marked
improvement in durability of bonds formed between the paste adhesive and the clad
Al-2024T3 surface. In all cases the grit-blast and silane treatment prevents significant
crack-growth once the wedge is exposed to a high humidity environment. In contrast
the abrasion procedures exhibit very high crack-growth rates and often fail within the
first few hours of testing. Images of the failure surfaces in Appendix 1 suggest that the
failure modes are similar to those observed for the EA9309.3NA adhesive, with the
silane improving the hydrolytic stability of the interfacial region. The performance of
the EC2216 and EC3549 adhesives is obviously inferior to the other paste adhesives
despite their satisfactory initial crack-length values and the reported high peel strength
values of 25piw. The reason for the poor performance of the EC2216 and EC3549
adhesives is presumably due to the degradation in mechanical properties which occurs
at 50°C, refer Table 3. It should be noted, however, that the silane in both cases
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significantly improves the relative durability and initial crack-length in comparison
with the abraded surface.

413 K-138

Figure 7 indicates that the durability of the grit-blast treatment is not significantly
improved by the addition of silane after the grit-blast treatment. Figure A32 in
Appendix 1, indicates that the samples fail as a result of fracture within the adhesive
layer. This provides an explanation why there does not appear to be any obvious
improvement resulting from the silane treatment. The good result for grit-blasting
alone, also seen for the EA9309.3NA adhesive, refer Figure 1, suggests that this
procedure provides interfacial bonds that are stronger than the K138 bonds in a humid
environment under load. The grit-blast treatment has been used for a previous bonded
repair performed in the field using the K-138 adhesive [8]. The recent removal of these
repairs after 20 years of service[9] indicated failure within the adhesive layer,
suggesting that the interfacial bonds were still intact after an extended period.

4.2 Al-2024T3 Unclad Aluminium Alloy
421 EA9309.3 NA

Figure 8 indicates similar trends observed in Figure 1, for the clad Al-2024T3 surface.
The Pasajell and grit-blast and silane treatments produce similar durability performance
and this is markedly improved relative to the abraded surface treatment. The grit-blast
and silane treatment, whilst having a similar final crack-length value actually performs
better than the Pasajell treatment in the early stages of crack-growth, which may be
important in terms of the ability to identify disbonds on the aircraft before the problem
becomes significant. In comparison with the clad surface, Figure 1, the unclad surface
shows slightly larger final crack-length values, suggesting bonds formed with the
EA9309.3NA adhesive are less durable than the clad aluminium case.

422 EA934, EA9320NA, EA9321, EA9396, EC2216 and EC3549

Figure 9 to Figure 13 indicate that the grit-blast and silane treatment significantly
improves the bond durability of bonds formed between the paste adhesives and unclad
Al-2024T3 aluminium. However, unlike the EA9309.3NA adhesive, the Pasajell
treatment is notably inferior to the grit-blast and silane treatment. However, the
Pasajell treatment does improve the bond durability of the abraded surface. The boiling
water treatment, refer Figure 10, does not improve the grit-blast treatment, as was the
case with the EA9309.3NA adhesive and clad Al-2024T3 sample. Generally, the bond
durability performance is similar to the clad aluminium samples, refer section 4.2.2, or

slightly worse.
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423 K138

Figure 14 indicates wedge data for the K138 adhesive bonded to unclad Al-2024T3
aluminium is similar to the clad aluminium results, refer Figure 7. The grit-blast and
grit-blast followed by silane treatments show similar durability. The final crack-length
values are also similar for the clad and unclad materials. Figure A10 indicates that, as
with the clad aluminium samples, failure for both surface pre-treatments resulted from
cohesive failure of the adhesive. This result is important in terms of assessing the
influence that the presence of the clad layer on aluminium will have on long term bond
durability in the service environment. The presence of a clad layer cannot always be
guaranteed given maintenance procedures such as surface abrasion can lead to
removal. The results indicate that removal of the clad layer would not influence the
long term bond durability for the K138 and Al-2024T3 bond system.

4.3 Al-7075T6 Unclad Aluminium Alloy
4.3.1 EA9309.3NA

Figure 15 indicates that the Al-7075T6 aluminium alloy to EA9309.3NA adhesive bond
durability is similar to that observed for the clad and unclad Al-2024T3 cases, refer
Figure 1 and Figure 8. Abrasion provides very poor bond durability and the Pasajell and
grit-blast silane procedure improves overall performance significantly. The final crack-
length values are similar to the Al-2024T3 unclad aluminium results and are slightly
inferior .to the clad Al-2024T3 results. The initial crack-growth rate of the grit-blast
silane treatment is superior to the Pasajell treatment and slightly better at extended
exposure time.

4.3.2 EA9317 and EA9320

Figure 16 indicates the trend in bond durability for the EA9320 and EA9317 paste
adhesives bonded to Al-7075T6 alloy is similar to the results with the Al-2024T3 alloy.
The grit-blast and silane procedure significantly improves bond durability relative to the
P-220 abrasion procedure, with the EA9317 showing inferior durability to the EA9320
adhesive.

4.3.3 EA934, EA9321, EA9396, EC2216 and EC35409.

Figure 17 indicates that the bond durability for the EA9321 and EA9396 adhesives
bonded to Al-7075T6 alloy treated with the grit-blast and silane method are
significantly improved relative to the abrasion treatment. The relative durability of the
grit-blast and silane treated samples are slightly poorer than those observed for the
clad Al-2024 alloy, but similar to the unclad Al-2024 alloy. The EA934 adhesive bonded
to the grit-blast and silane treated Al-7075 alloy shows similar durability to that
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observed for the Al-2024 unclad alloy. Both the EC3549 and EC2216 adhesives show
poor durability for the grit-blast and silane treatment, although this is still a significant
improvement on the P-220 abraded samples, which failed almost immediately in the
dry environment after wedge insertion. The poor performance of the EC3549 and
EC2216 adhesives was also observed for the Al-2024T3 alloys, refer Figure 6 and Figure

13.

434 K138

Figure 18 indicates the relative durability performance for the grit blasted and grit-
blast followed by silane treated Al-7075T6 alloy bonded to K138 adhesive. Some
inconsistent results were observed for the grit-blasted treatment as shown in Figure 18.
Observation of the fracture surfaces for the poor grit-blast samples and the grit-blast
and silane samples, refer Figure A36 in Appendix 1, revealed that the grit-blast sample
had failed at the adhesive-aluminium interface, whereas the grit-blast and silane
treated surface had failed cohesively, as was observed for the Al-2024T3 alloy samples.
This result provides evidence that the silane treatment improves the hydrolytic
stability of the interfacial region for aluminium to K138 adhesive bonds, and suggests
that the excellent durability observed for the infield repair, refer 4.1.3, would be further
enhanced by the addition of silane to the grit-blasted surface. The result also provides
further indication that the adhesive bonds formed with Al-7075T6 unclad aluminium

alloy are more sensitive to environmental exposure than the Al-2024T3 alloy.

4.4 Titanium 6Al-4V

44.1 EA9309.3NA adhesive

Figure 19 indicates the relative performance of Ti-6Al-4V titanium alloy bonded to
EA9309.3NA paste adhesive. The surface pre-treatments all indicate the relative
performance of the silane treatment after abrasion, grit-blasting or a simple degrease.
These results provide an interesting trend that suggests the roughening procedures
prior to silane application are not significant. Surface roughness profiles provided in
Table 8 suggest that the abrasion with P-220 grit paper does not significantly alter the
surface roughness of the titanium surface, which may explain the similarity in results
between the degreased and silane treated wedge specimen. The lack of improvement
created by the grit-blasting prior to silane treatment, however is more difficult to
explain. The data in Table 8 indicates that the grit-blasting increases the surface
roughness of the titanium to levels just below that observed for the AL-2024T3 alloy

surface.
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4.5 Titanium 6AI1-4V/ 304 Stainless Steel

45.1 EA9309.3NA adhesive

Figure 20 indicates the bond durability performance for titanium and stainless steel
adherends bonded with EA9309.3NA. These specimens were manufactured in
response to a request from HS816 SQN concerning poor performance of adhesively
bonded Seahawk Centering Socket Liners on the Main Rotor Hub[10]. The results
indicate that addition of silane to an abraded or grit-blasted surface significantly
improves bond durability. The results are also consistent with those for the titanium
samples shown in Figure 19 and indicate that there is little difference in bond
durability for the titanium adherends that are simply degreased or degreased and
abraded or grit-blasted prior to silane application. The data in Table 8 indicates that the
P-80 abrasion and grit-blasting increased the surface roughness of the titanium surface
to the greatest extent. However, the minimal effect of abrasion or grit-blasting on the
silane performance may suggest that due to the titanium surface hardness, these
procedures do not increase surface roughness to a level that affects bond durability.
The comparison of the data in Table 7 and Table 8 for the aluminium and titanium
alloys, shows that the aluminium surface roughness is significantly greater than the
titanium surface roughness. An improved surface pre-treatment method for bonded
repairs of the Main Rotor Hub Socket Liners may simply require degreasing and water
wiping the titanium surface to insure a water-break free surface prior to silane
application. The current procedure involves an abrade and solvent method followed by
application of EA9203 primer. This procedure has been tested at AMRL and shown to
be particularly ineffective. The results in Table 5 and Figure 2 indicate that this primer
produces a hydrolytically unstable and mechanically weak interfacial region.

Failure surface analysis of the titanium/stainless steel wedge samples, refer Table 6,
indicates that all fractures occur near the titanium-adhesive interface, within the silane
layer. The improvement in durability, relative to the grit-blast only surface,
presumably indicates the increase in the hydrolytic stability of the adhesive bonds
resulting from the silane treatment. Figure A38 in Appendix 1 also shows the failure
surfaces of the titanium/stainless steel wedge specimens. In all cases failure
propagated at the interface between the adhesive and the titanium adherend. The
stainless steel surfaces were all treated with the grit-blast and silane method and
clearly exhibited greater durability than the titanium surfaces treated with the same
procedure.

The results in Figure 20 indicate the stainless steel and titanium adherends have
significantly improved durability relative to the titanium adherends in Figure 19.
Mechanical tests carried out on the titanium and stainless steel were used to determine
the yield stress for these samples in order to determine if plastic deformation of the
adherends was likely to occur for the wedge tests. Equation (1) and (2) were used to
determine the critical adherend thickness, hei, and fracture toughness of the
EA9309.3NA adhesive.
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where G (J/m’) is the fracture toughness, herit (m) is the adherend thickness, € (Pa)is
the yield strain, E (Pa), Young’s modulus, w (m) is crack opening displacement and a
(m) is cracklnegth.

Material Al-2024T3 Ti-6Al-4V Stainless 304
e (MPa) 345 661 372

E(GPa) 724 114 200

h(mm) 3.15 23 3.15
Gi(J/m’) (eqnl) 1726 2811 724

Initial crack 33 30 -—
length(mm)

(from wedge test)

Gi1(J/m’) (eqn2) 3607 3233

Table 9 Critical parameters from wedge tests carried out using EA9309.3 NA paste adhesive
indicating aluminium and stainless steel adherends would be expected to deform
plastically during initial wedge test insertion.

Table 9 results indicate that all adherends would be expected to deform after wedge
insertion. However, the stainless indicates the lowest G; value for the adherends used
and would be expected to deform to a much larger extent than the titanium adherend.
This may explain why the titanium/stainless steel samples, refer Figure 20, were
superior to the titanium samples in Figure 19.

5. Conclusions

The following conclusions can be made about the durability of bonds formed between
paste adhesive and aluminium alloy and titanium alloy surfaces as assessed by the
wedge test carried out at 50°C and 100% R.H.:

1) Grit-blast and silane treatment of clad and unclad Al-2024T3 and Al-7075T6 alloy
significantly improves the durability performance for a range of paste adhesives
currently used in bonded repairs of Defence Force Aircraft.

2) The paste adhesives examined indicated that the grit-blast and silane treatment
performed at a similar or superior level to a standard treatment using Pasajell. The grit-
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blast silane method would be used in preference to the Pasajell treatment due to the
toxicity of the chemicals present in the Pasajell paste.

3) Abrasion of aluminium surfaces provides a very poor surface treatment method for
bonding with aluminium alloys. The use of the grit-blast and silane treatment
significantly improves the bond durability and strength for a range of paste adhesives.

4) Unclad Al-2024 and Al-7075T6 alloys generally produced bonds with paste
adhesives that exhibited poorer durability than the clad Al-2024T3 alloy.

5) Fracture analysis indicated that the wedge specimens failed at the adhesive to
metal interface and that the presence of silane in this region improved the hydrolytic
stability of the bonds and thereby retarded the bond degradation process.

6) The application of silane to titanium Ti-6Al-4V surfaces dramatically improved
bond durability when the opposite adherend was stainless steel. Plastic deformation of
the steel adherend may have contributed to the bond durability results. Unlike the
aluminium wedge samples, however, abrasion or grit-blasting of the titanium prior to
silane application did not appear to significantly affect the durability of the wedge test
samples.

7) Measurements of abraded and grit-blasted clad Al-204T3 aluminium and titanium
Ti-6Al-4V indicated the aluminium layer had significantly increased surface roughness
relative to the titanjum. The hard titanium surface may not have been roughened
sufficiently for improvements in bond durability performance with the silane treatment
to have occurred.

8) Due to problems with scratches present on the Seahawk Main Rotor Hub, a viable
surface pre-treatment for the socket liner replacement may simply involve a degreasing
step to achieve a water-break free surface followed by silane application. This method
would provide significant durability improvement over the current field repair
method.

9) The bond durability performance of 3M Scotchweld EC2216 B/ A and EC3549 B/ A,
an epoxy and urethane paste adhesive, were markedly poorer than the other paste
adhesives examined. The epoxy silane and grit-blast treatment offered improved
strength and durability over an abrasion procedure, however, the overall performance
of these adhesives were very poor. The test temperature is known to dramatically
influence the mechanical properties of these adhesives and prevents definitive
conclusions regarding the surface pre-treatment performance being made.
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6. Recommendations

The following recommendations can be made about the use of the grit-blast and silane
procedure for adhesively bonded repairs with aluminium alloys using room
temperature curing paste adhesives, on the basis of wedge tests performed at 50°C and

100%R.H. :

1) The grit-blast and silane surface pre-treatment of Al-2024 and Al-7075 alloys should
be used for bonded repairs using epoxy based paste adhesives in preference to current
procedures that either involve abrasion and solvent wiping or Pasajell® (PRC Desoto

105)

2) Further studies examining the effect of the grit-blast and silane treatment for
bonding paste adhesives to titanium and stainless steel adherends should be

undertaken

3) Further adhesive bond durability and strength testing should be undertaken for
aluminium alloys and other metallic adherends not examined in this report that are
commonly encountered in bonded repairs using paste adhesives

4) Further adhesive bond durability and strength testing should be undertaken for
paste adhesives not examined in this report that are commonly encountered in bonded

repairs with metallic components.

5) Further adhesive bond durability and strength testing should be undertaken for
current Structural Repair Manual surface pre-treatment procedures not examined in
this report that are commonly used in bonded repairs of metallic components with

paste adhesives.
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Appendix A: Failed Wedge Test Images

|

Grit-blast

P-220 Abrade + P-80 Abrade + Scotchbrite abrade +  Grit-blast+
Silane Silane Silane Silane

Figure A23  Images of failed wedge test specimens corresponding to Figure 1. Al-2024 T3
clad aluminium bonded with EA9309.3NA paste adhesive.
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Grit-blast+  Grit-blast + Grit-blast +
9203 primer  EC-3901 primer ~ EC-1945B/A primer

Grit-blast + Grit-blast + P220+Pasajell

Dist 100°C Dist 100°C +
Silane

Figure A24  Images of failed wedge test specimens corresponding to Figure 2. Al-2024 T3
clad aluminium bonded with EA9309.3NA paste adhesive.
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P-220 Abrade: Grit-blast + Silane P-220 Abrade:
EA9317 EA9317 EA9321

; :

P-220 Abrade: Grit-blast + Silane Grit-blast + Silane
EA9320 EA9321 EA9320

Figure A25  Images of failed wedge test specimens corresponding to Figures 3 and 4. Al-
2024 T3 clad aluminium bonded with EA9317, EA9321 and EA9320 paste

adhesive.
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P-320 abrade: Grit-blast + Grit-blast + P-320 abrade:
EA934.NA Silane: Silane: EC3549

EA934.NA EA9396

P-320 abrade: Grit-blast + " Grit-blast +

EC2216 Silane: Silane:
EC3549 EC2216

Figure A26  Images of failed wedge test specimens corresponding to Figures 5 and 6. Al-
2024 T3 clad aluminium bonded with EA934.NA, EA9396, EC3549 and
EC2216 paste adhesives.
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Grit-blast Grit-blast +
Silane

Images of failed wedge test specimens corresponding to Figure 7. Al-2024 T3

Figure A27
clad aluminium bonded with K138 paste adhesive.

2

Grit-blast + Silane P-220 Abrade + Pasajell

P-220 Abrade

Images of failed wedge test specimens corresponding to Figure 8. Al-2024 T3

Figure A28
Unclad aluminium bonded with EA9309.3NA paste adhesive.
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P-220 Abrade P-220 Abrade + Grit-blast +
Pasajell Silane

Figure A29  Images of failed wedge test specimens corresponding to Figure 9. Al-2024 T3
Unclad aluminium bonded with EA9317 paste adhesive.
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B e T

P-220 Abrade P-220 +
Pasajell

Grit-blast + Grit-blast +

Grit-blast +
Dist 100C Dist 100C + Silane

Silane

Figure A30  Images of failed wedge test specimens corresponding to Figure 10. Al-2024 T3
Unclad aluminium bonded with EA9320NA paste adhesive.
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Grit-blast + Silane:

EA9396

Figure A31

B

P-220Abrade +
Pasajell: EA9321

Grit-blast + Silane:
EA934
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é}lt-bfast + Silane:

EA9321

’.» *1-‘ "
Grit-blast + Silane:
EC3549

~ -

P-220Abrade ¥
Pasajell: EA9396

Grit-blast + Silane:
EC2216

Images of failed wedge test specimens corresponding to Figures 11, 12 and 13.

Al-2024 T3 Unclad aluminium bonded with EA9321,EA9396, EA934,EC3549
and EC2216 paste adhesives.
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Grit-blast Grit-blast + Silane

Figure A32  Images of failed wedge test specimens corresponding to Figure 14. Al-2024 T3
Unclad aluminium bonded with K138 paste adhesive.

¥

P-220 Abrade P-220 Abrade + Pasajell Grit-blast + Silane

Figure A33  Images of failed wedge test specimens corresponding to Figure 15. Al7075 Té
Unclad aluminium bonded with EA9309.3NA paste adhesive.
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P-220 Abrade: P-220 Abrade: Grit-blast + Grit-blast +
EA9317 EA9320 Silane:EA9320 Silane:EA9317
Figure A34  Images of failed wedge test specimens corresponding to Figure 16. Al7075 T6

Unclad aluminium bonded with EA9320NA and EA9317 paste adhesives.
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P-220 Abrade: P-220 Abrade: Grit-blast + Silane:  Grit-blast + Silane:
EA9396 EA9321 EC3549 EC2216

EELt

Grit-blast + Silane: Grit-blast + Silane: Grit-blast + Silane:
EA0396 EA934NA EA9321

Figure A35  Images of failed wedge test specimens corresponding to Figure 17. Al7075 T6
Unclad aluminium bonded with EA93%96, EA9321, EC3549, EC2216, and
EA934NA paste adhesives.
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Grit-blast Grit-blast + Silane

Figure A36  Images of failed wedge test specimens corresponding to Figure 18. Al-7075 T6
Unclad aluminium bonded with K138 paste adhesive.

i
i
'
|
1

1
!
{
I

Degrease + Grit-blast + P-220 Abrade +
Silane Silane Silane

Figure A37  Images of failed wedge test specimens corresponding to Figure 19. Titanium
6AI-4V bonded with EA9309.3NA paste adhesive.
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TRERI

Titanium: Titanium:

Titanium:
Scotchbrite Abrade + Silane P-150 Abrade + Silane P-80 Abrade + Silane
. ¥
Titanjum: Titanium: ‘
P-220 Abrade + Silane Degrease + Silane
Figure A38  Images of failed wedge test specimens corresponding to Figure 20. Titanium
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6Al-4Vand Stainless Steel bonded with EA9309.3NA paste adhesive. Failure
occurred on the Titanium adherend. The Stainless Steel adherend was treated
with grit-blast and silane.-
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